Abstract: Despite maximal medical therapy, a subset of patients with chronic obstructive pulmonary disease continue to suffer acute exacerbations. It is also clear that a subset of this population has elevated blood eosinophils. In addition to clearly responding better to inhaled corticosteroids, it is also possible that this subgroup may benefit from biologic treatments targeting eosinophilic inflammation. Mepolizumab, a humanized monoclonal antibody against interleukin-5 (IL-5), may have a therapeutic effect in a subgroup of patients with COPD and eosinophilic airway inflammation. In this review, we discuss the biologic rationale for mepolizumab targeting IL-5 in eosinophilic COPD as well as the results of recently published clinical trials.
Introduction
The Global Burden of Disease study estimated that chronic obstructive pulmonary disease (COPD) affected 251 million people worldwide and was the third leading cause of death in 2016, causing more than three million deaths. 1, 2 In addition to the significant impact on mortality, COPD leads to substantial morbidity and loss of productivity and the cost of care in the United States alone is projected to increase from $32 billion in 2010 to $49 billion by 2020. 3, 4 There is a clear association between expenditures and the severity of the disease 5 with hospitalizations for exacerbations being the major driver of costs. 4 In addition, exacerbations are associated with accelerated loss of lung function, subsequent cardiovascular events, and prolonged impairments in quality of life, and thus prevention of these events is of paramount importance. 6, 7 The current Global Initiative for Obstructive Lung Disease (GOLD) recommendations for patients with continued COPD exacerbations despite treatment with a long-acting muscarinic agonist and long-acting β2-agonist (LAMA/LABA) or inhaled corticosteroid (ICS)/LABA combination includes escalation to triple therapy with ICS/LABA/LAMA in those with eosinophils more than 100 cells/μL or the addition of roflumilast in those with chronic bronchitis or azithromycin in former smokers. [8] [9] [10] Despite the fact that the recent Informing the Pathway of COPD Treatment (IMPACT) study demonstrated a reduction in the risk of moderate or severe exacerbations in patients treated with ICS/LABA/LAMA therapy compared with either dual therapy, and that triple therapy reduced the risk of death compared with LAMA/LABA, approximately 50% of the patients in all study groups suffered an exacerbation during the one-year study. 11 This highlights the well-recognized clinical reality that a substantial proportion of patients continue to exacerbate despite optimized medical therapy. [12] [13] [14] Given the association between acute exacerbations and both short and long-term outcomes, 7, [15] [16] [17] there is an urgent need to advance pharmacotherapies targeting those with continued episodes. 11, 18, 19 Eosinophilic COPD COPD is heterogeneous with patients demonstrating varied clinical (degree of dyspnea, bronchitis symptoms, exercise capacity, exacerbation risk) and radiographic (CT emphysema, airways disease, bronchiectasis, air trapping) features. These observable phenotypes can be used to select optimal pharmacologic and non-pharmacologic treatments which can, in turn, improve outcomes. For example, lung volume reduction surgery improves survival, quality of life, exercise capacity, and dyspnea for patients with severe upper lobe predominant emphysema. [20] [21] [22] Endobronchial valve therapy for heterogeneous and homogeneous but collateral-negative emphysema has also been proven to improve lung function (FEV 1 ), dyspnea, quality of life and exercise tolerance 23, 24 and roflumilast improves lung function and reduces the frequency of exacerbations in patients with severe airflow limitation and chronic bronchitis. 25, 26 These successes strongly suggest that a phenotype-driven approach to treatment is both feasible and associated with improved outcomes. The search for the underlying pathobiologic mechanisms, or endotypes, that drive these phenotypes has proven challenging, however, there is increasing evidence that a significant proportion of patients with COPD have eosinophilic airway inflammation, or an eosinophilic endotype, and these patients are exacerbation prone and far more likely to respond to treatment with ICS. Depending on the population studied and the definitions used, airway eosinophilic inflammation is present in between 20% and 40% of all COPD patients. 27 Eosinophilic inflammation is associated with increased frequency of total exacerbations, 28 and severe exacerbations requiring hospital admission, as well as a higher readmission rate. 29 There is also an association between responsiveness to systemic and inhaled corticosteroids and the degree of eosinophilia. 28, [30] [31] [32] Airway eosinophils can be quantified by direct examination of bronchoscopic biopsy samples or bronchoalveolar lavage fluid as well as in induced sputum. Though these methods have been used successfully in research studies and some clinical settings, peripheral blood eosinophilia has been advanced as a more practical surrogate marker for airway eosinophilia. 33, 34 The correlation between blood and lung eosinophils has been debated with some studies showing a weak correlation 35 and others showing a strong relationship between blood eosinophils more than 250 cells/μL and sputum, BAL and tissue eosinophils as well as basement membrane thickness. 36 Even though the threshold continues to be debated, the current GOLD document suggests that a peripheral blood eosinophil counts greater than 300 cells/μL or a count greater than 100 cells/μL with two or more moderate or one severe exacerbation be used as a cutoff to consider treatment with ICS. Importantly, even after treatment with ICS, a substantial proportion of patients with COPD and elevated blood eosinophils continue to suffer exacerbations, and there has been substantial interest in the possible application of biologics developed for eosinophilic asthma in this population.
11
Regulatory approval of mepolizumab in severe eosinophilic asthma 
Mechanism of action of mepolizumab
Mepolizumab is a humanized monoclonal antibody that avidly binds circulating IL-5 (IgG1 kappa) preventing it from binding to alpha chain of IL-5 receptor (IL-5 Rα) on the surface of eosinophils. The IL-5 receptor complex causes activation of multiple signaling pathways including the release of cytokines, neuromediators, chemokines, as well as several kinases that promote eosinophil differentiation, proliferation, recruitment, and degranulation. The degranulation is responsible for airway injury through release of toxic granule proteins, cytokines, and reactive oxygen species, all of which promote airway inflammation. [42] [43] [44] [45] By inhibiting the formation of the IL-5 receptor complex, mepolizumab and the similar antibody reslizumab, block the activation of eosinophils thus causing disruption of normal eosinophil maturation and function resulting in decreased eosinophilic airway inflammation and reduced eosinophil survival. 46 Another IL-5 monoclonal antibody being evaluated in COPD, benralizumab directly binds IL-5Rα on mature eosinophils and basophils causing antibody-dependent cytotoxicity ( Figure 1 ). 47 
Safety of mepolizumab in asthma and other indications
Mepolizumab is approved for asthma and eosinophilic granulomatosis with polyangiitis (EGPA) and across studies for all indications, over 3000 study patients have received the drug. The most commonly reported adverse events are nasopharyngitis and headache with other reported events being upper respiratory infections, sinusitis, bronchitis, and injection-site pain. Subcutaneous mepolizumab has resulted in slightly higher rates of injection-site reactions compared to placebo and intravenous mepolizumab. The rate of all other events in the treatment groups was comparable to placebo. 37, 38 Because of the potential impact of mepolizumab on immune surveillance for neoplasia, there has also been concern about the risk of malignancies with the drug. In an open-label multicenter trial for mepolizumab by Rothenberg et al, 48 patients with steroid-dependent primary hypereosinophilic syndromes (HES) were treated with mepolizumab 750 mg (every four weeks) with a reduction in blood eosinophils resulting in a steroid-sparing effect. In an open-label extension study, 78 subjects were monitored on mepolizumab for a median duration of 251 weeks. 49 Serious adverse events were compared to incidence rates (age-gender-adjusted) from the Surveillance Epidemiology and End Results (SEER) Registry, and the occurrence of neoplasms was higher than the expected number of cases. 48, 49 During the five-year observation period, seven patients developed neoplasms including two with prostate cancer and another two with basal cell carcinomas. One subject developed multiple myeloma, one mycosis fungoides, and one angioimmunoblastic T cell lymphoma complicated by cardiopulmonary failure. The lack of a true control group and comparison with data from the SEER registry is problematic as it is well established that the risk of malignancy in HES is higher than the general population with a particular increase in the risk of T Cell Lymphoma. [50] [51] [52] Additionally, HES is a systemic disorder for which several subjects were on other immunosuppressive medications that could place them at higher risk of malignancy. 53, 54 In the asthma studies DREAM, MENSA, and SIRIUS, malignant neoplasms were only reported in the placebo group of MENSA, occurring in three subjects (5%).
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Efficacy of mepolizumab in COPD Mepolizumab was studied in two Phase III multinational, multicenter, randomized, placebo-controlled studies in patients with COPD ( Abbreviations: ADCC, antibody-dependent cell-mediated cytotoxicity; IL, interleukin; mAB, monoclonal antibody; NK, natural killer.
Add-on Treatment for Frequently Exacerbating COPD Patients Characterized by Eosinophil Level (METREO).
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Both studies examined the efficacy and safety of subcutaneous mepolizumab in patients with moderate to severe COPD and a history of exacerbations despite treatment with triple therapy (ICS/LABA/LAMA). The trials tested the currently approved eosinophilic asthma dose of 100-mg mepolizumab (both studies) as well as a higher a 300-mg dose (METREO) compared with placebo. Patients were required to have had at least two moderate COPD exacerbations (treated with antibiotics, oral steroids or both) or 1 severe exacerbation (requiring hospitalization) in the preceding 12 months and to have been on triple inhaler therapy for at least three months before screening. Patients with a diagnosis of current asthma or non-smokers were excluded. However, a historical diagnosis of asthma was allowed for current and former smokers. METREX included 836 patients who were randomized to 100-mg of mepolizumab or placebo. Patients were stratified based on blood eosinophil count to the High Stratum defined by an eosinophil count of >150 cells/μL at enrollment or >300 cells/μL in the 12 months preceding enrolment (N=463) or to the Low Statum if neither of these criteria was met (N=374). The study met its primary endpoint for the High Stratum group with an annual rate of severe or moderate exacerbations of 1.40 in the mepolizumab group compared to 1.71 in placebo group (event rate ratio, 0.82; 95% confidence interval [CI], 0.68-0.98; adjusted p= 0.04) ( Table 2 ). There was no significant difference in the primary endpoint in the overall group or the Low Stratum.
METREO enrolled only subjects with an eosinophilic phenotype defined as a peripheral blood eosinophil count of at least 150 cells/μL at screening or greater than 300 cells/μL during the year prior to screening. Six hundred seventy-four patients were randomized to three arms (placebo, 100 mg mepolizumab, or 300 mg mepolizumab). Like METREX the primary endpoint was the annual rate of moderate or severe exacerbations, but no significant difference between study arms was observed.
For secondary endpoints, there was an increase in time to first moderate or severe exacerbation in METREX 192 days vs 141 days (hazard ratio, 0.75; 95% CI, 0.60 to 0.94; adjusted p=0.04). This effect was not reproduced in METREO at either dose. There was no significant difference between placebo and mepolizumab on all other endpoints including the rate of severe exacerbations requiring hospitalization or emergency department visit, COPD Assessment Test (CAT), and St. George's Respiratory Questionnaire (SGRQ-C) scores at week 52 compared to baseline.
Meta-analysis of METREO & METREX
A pre-specified meta-analysis using data from both studies was performed to increase power and to more precisely determine the effect of mepolizumab on exacerbation endpoints. A total of 1136 patients from METREO and METREX were included [Mepolizumab 100 mg: N=456; Mepolizumab 300 mg: N=225, Placebo: N=455]. Analyses were conducted based on eosinophil profile (Figure 2 ). For patients with eosinophil counts of 300 cells/μL or greater the mean annual rate of moderate or severe exacerbations was 23% lower in mepolizumab 100 mg vs placebo (rate ratio, 0.77; 95% CI, 0.63-0.94). The meta-analysis also suggested a dose-response relationship between treatment effect and increasing eosinophil count, based on both screening and historical counts. There was a non-significant trend toward greater exacerbation rate in patients with screening counts less than 150 cells/μL and no historical count greater than 300 cells/μL. 
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Safety of mepolizumab in COPD
Mepolizumab was generally well tolerated in both METREX and METREO, similar to prior trials for other indications. The incidence of adverse events and serious adverse events was similar in Mepolizumab (100 and 300 mg) compared to placebo. There were no significant differences between groups in nasopharyngitis (14-21%), headache (9-15%), or pneumonia (9-11%) though the rate of pneumonia was relatively high compared with prior trials of dual and triple ICS-containing therapy in COPD 11, 56 Injection-site reactions across both trials occurred at similar rates in the mepolizumab 100 mg (2%), mepolizumab 300 mg (5%), and placebo (4%). No patients developed parasitic infections; however, screening for these before initiation of therapy for asthma or EGPA remains a recommendation. There were no cases of herpes zoster reported, but vaccination before initiation of therapy is also recommended. Less than 1% of the patients were diagnosed with neoplasms and no difference in this was detected across treatment groups.
Discussion
The overall results of METREX/METREO suggest that there may be a role for mepolizumab in reducing the risk of exacerbations in COPD patients with an elevated blood eosinophil level. METREX met its primary endpoint with a significant reduction in the rate of moderate-to-severe exacerbations in the high eosinophil stratum. However, this was not replicated in METREO raising questions about the robustness of the result. The pre-specified pooled analysis did show that in the population with blood eosinophils above 300 cells/μL there was a 23% reduction in mean annual rate of exacerbations with mepolizumab 100 mg vs placebo and that there appeared to be a linear relationship between treatment effect and the degree of blood eosinophilia. The meta-analysis also suggested a trend toward harm with a higher annual rate of exacerbations with mepolizumab compared with placebo in patients with a screening eosinophil count <150 cells/μL and no documented historical eosinophil count >300 cells/μL though mechanisms for this potential chance observation are uncertain. While these data suggest a possible role for mepolizumab in COPD, the magnitude of benefit does not appear as significant or as consistent compared to that observed in the asthma drug development program. The rate ratio for exacerbations for mepolizumab compared to placebo in the DREAM and MENSA trials combined was 0.51 (95% CI 0.42, 0.62) compared to 0.77 (95% CI, 0.63-0.94) in the METREX/METREO analysis. In addition to the clear and consistent demonstration of benefits on overall exacerbation risk, the registration trials in asthma also showed improvements in a number of other key outcomes including oral steroid dose, hospitalizations, lung function, and quality of life. [37] [38] [39] 57 For example, SIRIUS demonstrated glucocorticoid sparing effects of mepolizumab in asthma (50% reduction in daily oral steroid use) and improved symptoms and quality of life as evidenced by improvement in Asthma Control Questionnaire 5 (ACQ5) and St. George's Respiratory Questionnaire (SGRQ) 39 scores. In MENSA, there was a significant reduction (53%) in the rate of clinically significant exacerbations in subjects on high dose ICS and additional controller medication, and a very impressive reduction (61%) in exacerbations requiring hospitalizations or emergency department visits. 38 There are several possible explanations for the differences in results between asthma and COPD trials. First, the entry criteria for eosinophilic asthma were defined differently and perhaps more stringently than the criteria for eosinophilic COPD. In DREAM, subjects were required to meet one or more of an induced sputum eosinophil count of 3% or greater, a peripheral blood eosinophil count of 300 cells/μL or more, an exhaled nitric oxide concentration (FENO) of 50 parts per billion (ppb) or more, or prompt deterioration of asthma control after a 25% or less reduction in regular maintenance inhaled or oral corticosteroids. Similarly, all patients in MENSA were required to have a screening peripheral blood eosinophils count greater than 150 cells/ μL or a historical value >300 cells/μL. Second, the heterogeneity of exacerbation mechanisms in COPD is likely greater than that in asthma, even among those with an eosinophilic phenotype, with older age, comorbidities, and bacterial infections playing a more significant role. As such, the biological impact of IL-5 targeted treatment in COPD might be expected to be less. The United States FDA's Pulmonary Allergy Drugs Advisory Committee voted against approval of mepolizumab as add-on therapy for COPD on July 25, 2018. The committee cited concerns about efficacy and questioned patient selection. In particular, the committee noted the failure to replicate the exacerbation reduction finding in the two studies, the lack of benefit on key secondary outcomes, and was concerned that the inclusion of patients with concomitant asthma might have biased the findings toward benefit. With a wholesale acquisition cost (not inclusive of rebates, allowances, and returns) of approximately USD 2500 per 100-mg dose, equaling an annual cost of around USD 30,000, 58 there were also concerns about cost-effectiveness given the limitations in the efficacy data. The FDA panel did feel the trials had demonstrated that mepolizumab was likely safe in COPD but voted against efficacy and against approval stating more clinical trial data were needed. GlaxoSmithKline indicated they would continue to work with the FDA to determine the next steps to provide the appropriate clinical data.
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Other IL-5 targeting drugs have also been approved for eosinophilic asthma including benralizumab, a monoclonal antibody against the alpha-chain of IL-5 Receptor, and reslizumab, a monoclonal anti-IL-5 antibody similar to mepolizumab but delivered intravenously. Benralizumab has also been tested explicitly in COPD patients. In a Phase II trial, benralizumab did not show a decrease in the annual rate of exacerbations compared with placebo in patients with moderate to severe COPD with at least one exacerbation and a sputum eosinophil count >3% within previous 12 months or at screening. 60 In two phase three multicenter, double-blinded, placebo-controlled trials 1) Benralizumab Efficacy in Moderate to Very Severe COPD With Exacerbation History (GALATHEA) and 2) Efficacy and Safety of Benralizumab in Moderate to Very Severe COPD With Exacerbation History (TERRANOVA) Benralizumab again failed to meet its primary endpoint of reduction of rate of exacerbations though the full results have not been published. 61, 62 Taken together, the results of the mepolizumab and benralizumab development programs suggest more work is needed to establish IL-5 targeted treatment as a viable therapeutic approach in COPD. A path forward for these drugs might include targeting patients with more significantly elevated eosinophils at enrolment (or historically) as suggested by the METREO/METREX meta-analysis, though the prevalence of eosinophils counts greater than 300 cells/μL in these studies was only 36%, a rate comparable to those observed in other populations of exacerbating patients. 11 This will make recruitment for such clinical trials very challenging and markedly increase costs. An alternative approach would be to test the utility of anti-IL5 drugs at the time of hospitalization for an eosinophilic exacerbation as a means to accelerate recovery and delay the time to reexacerbation or readmission. These studies also present significant logistic challenges but the value of an effective treatment in that setting is clear.
